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TRANSONIC WIND-TUNNEL INVESTIGATION OF TEE
EFFECTS OF BODY INDENTATTON FOR BOATTATTL. AND CYLINDRICAL
AFTERBODY SHAPES ON THE AERODYNAMIC CHARACTERISTICS OF
AN UNSWEPT-WING—BODY COMBINATION

By Thomas C., Kelly
SUMMARY

An investlgation has been conducted in the Langley 8-~foot transonie
tunnel to study the effects of body indentation and aftervody shape on
the aerodynamlc characteristics of an unswept-wing——body combination.

Body indentation for s boattail configuration resulted in a con-
siderable reduction in drag up to the highest 1ift coefficients tested
(CL ~ 0.6) at Mach numters from 0.96 o0 1.15. The transonic drag rise

for a cylindrical afterbody configurgtion was less severe than that for
a bosgttail configuretion, while the use of body indentation with both
configurations resulted in nearly the same proportionsl reductions of
the transonic drsg rise at a Mach number of 1.0, Maximum 1ift-drag
ragtios for the boattall configuration were incressed at Mach numbers
higher than 0.93 by indentstion, the increase at a Mach number of 1.0
amounting to 16 percent.

INTRODUCTION

Several experimental investigations (refs. 1 to 3} have indicated
that body indentation, as specified by the area rule (ref. 1), may
result in an elimination or marked reduction of the transonic drag rise
assoclated with the wing of a wing-body combinstion. Also, earlier
investigations (ref. 4, for example) have shown that afterbody shape
may have a significant effect on the drag rise associated with the wing.

The present investigation was conducted in the Langley 8-foot
transonic tunnel to study the combined effects of body indentation and
afterbody shape on the aerodynemic characteristics of g modified version
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of the unswept-wing——body combingtion reported in reference 2. The
cylindrical afterbody of reference 2 was modified so that it was boat-
tailed and the outer 20 percent of the wing svan was removed in order
to provide a configuration more typical of present-day design. In
addition, two bodies of revolution, one having the same axial distri-
bution of cross-sectlional area as the present basic or unindented wing-
body combination and the other having the same cross-sectional area
distribution as the indented wing-body combination, have been tested

to provide further experimental verification of the transonic drag-rise
rule. Dste have been obtained at Mach numbers from 0.80 to 1.15 snd
angles of atteck from 0° to 8°.

SYMBOLS
M average free-stream Mach number
q free-stream dynemic pressure, lb/sq ft

(e}

wing mean aserodynamic chord, in.

S wing area, sq %
cr, 11Ft coefficient, il

o]3}

Dr

Cp drag coefficient, a8

asS
CDO drag coefficient at zero 1ift coefficient
ACDO incremental zero-lift drag coefficient (drag coefficient

at any given Mach number minus drag coefficlent
Mz /u
Cr pitching-moment coefficient, ——
: qScC

ME/4 pitching moment about quarter point of &, in-1b

ac
<—-l9 lift-curve slope, averaged over a lift-coefficient range
av of O to 0.2



NACA RM I54A08 L 3

aC
<7JE\ static longitudinal stability peremeter, aversged over a
L)av lift-ccefficient range of O to 0.2

(L/D)pgx meximum lift-drag ratio

dac s
_—DE drag-due-to-lift factor, averaged over a lift-coeificient
dcy, range of 0 to 0.3
Pb-P

P, base pressure coefficient,
Py static pressure at riodel base, 1b/sq ft
P free-streem static pressure, lb/sq ft

APPARATUS

The wing used in the present Ilnvestigaition was a modification of
the unswept wing reported in reference 2, the outer 20 percent of each
semispan having been removed leaving s wing with 0° sweepback of the
quarter-chord line, an aspect ratio of 2.67, and a taper ratio of 0.2.
The wing, constructed of solid 14ST sluminum alloy, had L-percent-thick
symmetrical eircular-arc airfoil sections parallel to the plane of sym-
metry with the maximum thickness located at the 4O0-percent-chord sta-
tion., The first cormbinstion tested, to be designated as the basic com-
bination, had a curved fuselage. The second, or indented combination,
had a body which was indented in the region of the wing-body Jjuncture
so that the axial distribution of cross-sectional area (taken normal to
the airstream) for the wing-body combination was approximetely the same
as that of the basic fuselage alone. The third or eguivalent body con-
figuration was a body of revolution having approximately the same axial
cross-sectional srea distribution as the basic combination. Model
detalls and dimensions are shown in figure 1 and body ordinates are
presented in table I. Axial distributions of cross-sectional area for
the various configurations are presented in figure 2. Because of an
error in design, the area distribution for the equivalent body differs
slightly from that of the basic combination end the distribution for
the indented combination differs from that of the basic body alone by
the emounts shown in figure 2. It is felt, however, that these slight
area differences would not significantly affect the results or compari-
sons presented herein. The models were mounted on an internal strain-
gage balance and were sting supported in the tunnel in the manner shown

in reference 2.
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Measurements and accurscy.- Lift, drag, and pitching moment were
determined by means of the internal strain-gage balance. Ccefficients
are based on s total wing area of 0.95 square foot. Pltching-moment
coefficients, based on a rmean aerodynamic chord of 8.267 inches, are
referred to the quarter point of the mean serodynemic chord. Measured
coefficients are estimated to be asccurate within the following limits:

CL-----.-------I-n----n.-l-.-.-.cio-ol
CD o o & + & & o o o 4 e e e e e e e e e e e e e e e e e e . . x0.00L
O = ¢ o o & & o 6t 6 s s e e e e e e e e e e e e e e e . . . . %0.003

Model angle of attack was measured by means of the fixed-pendulum,
strain-gage unit described in reference 2. The unit was mounted in the
model nose, and angles of attack are estimsted t0 be accurate within +0,1°,

Static pressure at the model base was obtained from four orifices
equally spaced around the sting support slightly forward of the vplane
of the model base (fig. 1).

Local deviations from the average free-stream Mach number did not
exceed 0.003 at subsonic speeds and did not become greater than about 0.010
as Mach nurber was increased to 1.13 (ref. 5).

The effects of boundary-reflected disturbances in the slotted test
section of the lLangley 8-foot transonic tunnel on the results presented
were srall (refs. 5 and 6). To reduce these effects further, the model
was offset vertically spproximately 3.5 inches below the tunnel center
line at zerc angle of sttack to minimize any focussing effects of the
reflected disturbances, and the cross-plotted drag data have been falred
at Mach numbers higher then 1.03 in an effort to eliminate the effects
of the reflected disturbances.

Reynolds number for the present investlgation based on the mean
aerodynamic chord varied from 2.5 X 105 to 2.6 x 108.

RESULTS AND DISCUSSICN

The results presented herein have been adjusted to a condition at
which the static pressure at the model base and the free-stream static
pressure ere equal.. Base pressure coefficients for the configurations
tested are presented in figure 3.

Basic &ata are shown as angle of attack, drag coefficient, and
pitching-moment coefficient as a function of 1lift coefficient in
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figure 4. Anslysis figures, prepared from these basic data, are pre-
sented as figures 5 to 9.

Drag at constant 1lift coeifficlent.- The varlation with Mach number
of drag coefficient at constant 1ift ccefficient for the configurations
tested is shown in figure 5. In addition, to provide a comparison of
the severity of the transonic drag rise (based upon a Mach number of 0.80)
for the various configuretions, the wvariation of the ineremental zero-
1ift drag coefficlent ACDO with Mach number is also presented. The

results indicate that, at Mach numbers above gbout 0.95 and at 1ift
ccefficients of O and 0.3, body indentation resulted in a substantial
reduction in drag due to a reduction in adverse wing-body interference.
The reduction in total drag coeificient at zero 1ift and a Mach number
of 1.0 smounted to 31 vercent. As would be expected, the beneficial
effects of indentation decreesed as Mach number was incresassed above the
design condition of 1.0. The varigtion of the incremental zero-1lift
drag coefficilent ACDO with Masch number shows that body indentation

resulted in a 60-percent decrease of the transonic drag rise asscciated
with the wing et a Mach number of 1.0. The variations of ACp, with

Mach number for the equivalent area body and the basiec configuration
are approximastely the same. The drag rise for the equivalent body
begins earlier, however, and is slightly more severe than that of the
basic configuratlon. The variatlons of ACDO for the indented combi-

ngtion and for the basic body slone indicete poor sgreement for these
configurations having comperable area distributions. Probzble reasons
for the incomplete reduction in drag for the indented combinagtion are
discussed in reference 7 for an indented delta-wing—body combination.

Shown in figure 6 is the variation with Mach number of the zero-
lif't drag coefficient and the incremental zero-lift drag coceificient
for the basic and indented combinstions of the present investigation
and those of reference 2. It should be noted that in addition to
removal of the vpointed wing tips and the change in afterbody shape,
the combinations of the present investigation differed from those of
reference 2 in that there was a change in sting-support configurstion.
The sting support of reference 2 was cylindrical from the base of the
model rearward, while that of the present investigation was expanded
rearward from the model base (see ref. 2 and Tig. 1). Data presented
in reference 8 for a delta-wing—body combination indicete that a sim-
ilar removal of the pointed tips had virtually no effect on the drag
et zero lift at Mach numbers up to 0.86. At higher Mach numbers the
effects of the difference in wing-ares distributions for the two com-
bingtions are probably small. Because of the difficulty in evaluating
sting effects and because of the considerable differences in base size
end accompanying base pressure adjustments, caution should be used in
comparing absolute drag values for the present configurations and those

of reference 2.



6 S WACA RM I5LA08

The results vresented in figure & indicate a subsonic drag level
which 1s close to the same for all configurations. As would be expected
from & consideration of the area developments for the boattall and
cylindrical configurations, the transonic drag rise for the cylindrical
aftervody configuration was less than that for the boattail combination.
The use of body indentation with the two configurations resulted in
nearly the same proportiocnel reductions of the transonic drag rise at
a Mach number of 1.0.

Drag due to 1ift.- Dreg-due-to-lift data for the basic and indented
combinations are presented in figure 7 as the veriation with Mach number

dc
of the drag-due-to-lift factor D2, which was taken as the slope of a
aCy,

straight I1ine through Cp &t Cp, = O which best approximated a curve

of Cp plotted agesinst CL2 up to & 1lift coefficient of 0.3. It
should be noted that, although the level of drag due to lift is higher
for the indented combination at all but the highest test Mach number,
the data of figure 4(b) show thet, at Mach numbers of 0.96 and higher,
the total drag for the indented combination is considerably lower than
that of the basgic combination up to the highest 1ift coefficients
tested.

Meximuwn lift-drag ratio.- The effects of body indentation on maxi-
mum 1ift-drag ratio and Cj for (L/D)y.x &re shown in figure 8.

Indentation resulted in an increase in the values of (L/D)max at Mach

numbers of 0.93 and higher, the increase at a Mach number of 1.0 amounting

to 16 perceant. These increased values are a result of the decrease in

drag at low Lift coefficients resulting from indentation. The 1ift

coefficient for meximur 1ift-drag ratio Cp was reduced at all
(L/Dmax

but the highest test Mack number by body indentation.

Lift and pitching-moment charscteristics.- The variaticns of aver-

ege lift-curve slope (EEL) and pitching-moment curve slope Egm

dov /on 0L/ ay
for the basic and indented configurations are shown in figure 9. These
dete, along with the basic data presented in figures U4(a) and k(e),
indicate that body indentation had relatively little effect on the 1iit
and longitudinal stability characteristics of the configurations tested.
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CONCLUDING REMARKS

The results of the present investigation indicate that for an
unswept-wing—boattail-afterbody configurstion, body indentation
resulted in a considerable redugction in dreg at 1ift coefficients up
t0 the highest tested @t,a=0.6) at Mach numbers from 0.96 to 1.15.
Maximum lift-drag ratios were increased by body indentztion at Mach
numbers higher than 0.93, the increase at = Mach number of 1.0 amounting
to 16 percent.

The transonic drag rise for the cylindrical afterbody configura-
tion was less severe than that for the boattail configuration, whiie
the use of body indentatlion with both configurstions resulted in nearly
the same proportional reductions of the transonic dreg rise at a Mach
number of 1.0.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Leangley Field, Va., December 23, 1953.
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TABLE I.- BODY ORDINATES

Forebody ordinates, all configurations

Model station, x, | Body radius, r,
in, in,
o] 0

.225 .104
.338 134
563 .193
1.125 .325
2.250 Sh2
3.375 726
L .500 .887
6.750 1.167
9.000 1.391
11.250 1.559
13.500 1.683
15.750 1.770
18.000 1.828
20.250 1.86k
22.500 1.875

‘O
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TABLE T.e BODY ORDINATES - Concluded
Afterbecdy ordinates
Basic body Indented body ZEquivalent body
Model Body Model Body Model Body
station, x,{redius, r,|}station, x,|radiuvs, r,||station, x,|redius, r,

in. in. in. in. in. in.
22,500 1.875 22.50 1.875 22.50 1.875
23.000 1.875 23.50 1.875 2kh,.95 1.875
23,602 1.875 2k,00 1.872 25.50 1.802
24,192 1.875 24.50 1.866 26.00 1.9k2
24 692 1.875 2k.95 1.858 26.50 2.005
25,192 1.875 25.50 1.833 27.00 2.101
25.692 1.875 26.00 1.790 27.50 2.153
26.192 1.875 26.50 1.723 28.00 2.159
25,692 1.872 27.CO0 1.626 28.50 2.159
27.192 1.871 27.50 1.530 29.00 2.140
27.692 1.868 28.00 1.498 29.50 2,110
28.192 1.866 28.50 1.h9k 30.00 2.075
28.692 1,862 29.00 1.504 30.50 2,034
29.192 1.856 29.50 1.522 31.00 1.990
29,692 1.849 20.00 1.545 31.50 1.942
30.192 1.839 30.50 1.569 32,00 1.892
30,692 1.825 31.00 1.592 32.50 1..843
31.192 1.808 31.50 1.614 33,00 1.796
31.692 1.789 32,00 1.634 3%.50 1.748
32,192 1.768 32.50 1.650 34,00 1.703
32.692 1.745 3%.00 1.657 34,50 1.660
33,192 1.720 33.50 1.658 35,00 1.621
33.692 1.6k 34,00 1.651 35.25 1.603%
34,102 1.667 3k .50 1.639 36.90 1.h67
34,692 1,638 35.00 1.619 37.50 1.408
35.192 1.608 35.25 1.£03 38.00 1.355
35.692 1.570 3€.90 1.467 38.50 1.298
36.192 1.531 37.50 1.408 39.00 1.235
36.692 1.486 38.00 1.355 39.50 1.167
36.900 1.h67 38.50 1.298 40.00 1.100
37.50 1.408 39.00 1.235 40.50 1.030
38,00 1.355 35.50 1.167 ki.25 937
38.50 1.298 L4o.co 1.106
39.00 1.235 40.50 1.030
39.50 1.167 k.25 937
k0,00 1.100
40.50 1.03%0
- 937
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Tigure 1.~ Details of the wing-body combinations. All dimensions are
in inches.
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Figure 2.- Axial cross-sectional arca developments for the various
configurations.
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(a) Wing-body configurations.

Figure 3.~ Variation of the base pressure cceffilcients for the various
configurations.
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(b) Bodies slone. a = 0O°.

Figure 3.- Concluded.
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(a) Angle of attack.

Figure 4.~ Variation with 1lift coefficient of the force and moment char-
acteristics for the basic and indented configurations.
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Drag coefficient, Cp
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(b) Drag coefficient.

Figure 4.- Continued.
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(e) Pitching-moment coefficient.
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Figure h.- Concluded.
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Drag coefficient ,Cp
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Figure 5.- Variation with Mach number of drag coefficient at constant

1lift coefficient and incremental zero-1ift drag coefficient for the

various configuralions.
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Tigure 6.- Effect of afterbody shape on the variation with Mach number
of drag coefficient at zero 1ift coefficienl and incremental zero-lift =
drag cocflicient.
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Figure .- Effect of body indentation on drag due to 1ift. QCDE averaged
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Figure 8.- Effect of body indentation on maximum lift-drag ratio and 1lift
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/%’: T~
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Configuration
Basic
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Figure 9.- Variation with Mach npumber of the lift-curve and pitching-
moment curve slopes averaged over a Cp range of O to 0.2 for the

basic and indented conflgurations.
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